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■ By studying the effective potential of the MSSM at finite temperature, we find that CP 

can be spontaneously broken in the intermediate region between the symmetric and broken 
phases separated by the bubble wall created at the phase transition. If CP is violated in 
this manner, there could be a bubble wall connecting CP conserving vacua and violating 

\ CP halfway, which would result in sufficient baryon asymmetry of the universe. 

C^; 1 Introduction 

Within the framework of electroweak theory, the baryon asymmetry of the universe (BAU) 
could be explained if the electroweak phase transition (EWPT) in the early universe is of first 
order 0. The minimal standard model with sufficiently heavy Higgs boson (m# > 67GeV) 
^ is found to have second-order EWPT. Further the effect of the only CP violation in the KM 
matrix is too weak to generate the present BAU. Hence, one is led to extend the standard 
model in such a way that the extra source of CP violation exists and the bosonic content is 
enlarged to have the EWPT stronger. Among such extensions, the minimal supersymmetric 
standard model (MSSM) with the small soft-supersymmetry-breaking parameter in the stop 
mass-squared matrix[[J will cause the first-order EWPT and offer many sources of CP violation. 
The CP violations effective for generation of the chiral charge flux at the tree level are the 
relative phases among the /i-parameter, the gaugino mass parameters and the A-parameters 
included in the mass matrices of the charginos, neutralinos and the scalar partners of the quarks 
and leptons[Q. Besides these phases, the relative phase of the two Higgs doublets not only enters 
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these mass matrices but also directly couple to the quarks and leptons to yield the flux carried 
by these particles into the symmetric phase region [|], |5|. In general, the phases of the Higgs 
scalars vary spatially around the bubble wall so that the gauge-invariant relative phase cannot 
be rotated away from the Yukawa interactions. 

In a previous paper we attempted to determine the profile of the bubble wall by solving the 
equations of motion for the effective potential at the transition temperature (> To — lOOGeV) 
in the two-Higgs-doublet model. For some set of parameters, we presented a solution such 
that CP- violating phase spontaneously generated becomes as large as 0(1) around the wall 
while it completely vanishes in the broken and symmetric phase limits. We shall refer to this 
mechanism as 'transitional CP violation'. This solution gives a significant hypercharge flux, 
by the quark or lepton transport |7]] . We also showed that a tiny explicit CP violation, which 
is consistent with the present bound on the neutron EDM, does nonperturbatively resolve the 
degeneracy between the CP-conjugate pair of the bubbles to leave a sufficient BAU after the 
EWPTg. 

We examine the possibility of the transitional CP violation at finite temperature in the 
MSSM by studying the effective potential, when one of the stop mass parameters is small so 
that the high-temperature expansion is applied only to it. 



2 Transitional CP violation 

Consider a model with two Higgs doublets whose VEVs are parameterized as 
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and 6 = 6 1 — 6 2 . We assume that the gauge-invariant effective potential near the transition 
temperature has the form of 
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The p 3 -terms are expected to be induced at finite temperature in a model whose EWPT is of 
first order. Since we do not consider any explicit CP violation, all the parameters are assumed 
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to be real. For a given (pi,p 2 ), the spontaneous CP violation occurs if 



F(pi,p 2 ) = ^-plpl-2(B 2 plp 2 + C 2 p lP j)>0, (2.3) 

In the MSSM at the tree level, A 5 = A 6 = A 7 = and A = B k = C* = D = (jfc = 0, 1, 2), so 
that no spontaneous CP violation occurs. At zero temperature (A = = Ck = D = 0), it 
is argued that A 5i6j7 are induced radiatively and ( |2.3| ) is satisfied if the contributions from the 
chargino and neutralino are large enough. For ( |2.4|) to be satisfied, m\ should be as small as 
\p\ + A7P2 so that the pseudoscalar becomes too light |10| , 

At T ~ To-, the values of (pi, p 2 ) vary from (0, 0) to (vc sin (3c, vc cos (3c) between the sym- 
metric and broken phase regions, where the subscript C denotes the quantities at the transition 
temperature. Then the effective parameters in ( |2.2| ) include the temperature corrections as well. 
Hence there arises large possibility to satisfy both (|2.3j ) and ( [2.4|) in the intermediate region at 
the transition temperature, without accompanying too light scalar. If this is the case, a local 
minimum or a valley of V e s appears for intermediate (pi, P2) with a nontrivial 9. For such a 
V e s with appropriate effective parameters, the equations of motion for the Higgs fields predict 
that some class of solutions exist, which have 9 of 0(1) in the intermediate region even if it 
vanishes in the broken phase ]5|. 



3 Effective parameters of the MSSM 

Since we are concerned with the possibility of the spontaneous CP violation, all the parameters 
in the lagrangian are assumed to be real. The tree-level Higgs potential of the MSSM is 



V = m\tp\tp d + m%(pl<p v + (ml<p u <p d + h.c) 
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where 
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(3.1) 



Ai = A 2 = ^(^ + ^i), h = \(g 2 2-gf), A 4 = -^ 2 2 , (3.2) 
A 5 = A 6 = A 7 = 0, (3.3) 

Here g 2 (i) is the SU(2)(U(1)) gauge coupling, p is the coefficient of the Higgs quadratic in- 
teraction in the superpotential. The mass squared parameters rhf ld and pB come from the 
soft-supersymmetry-breaking terms so that they are arbitrary at this level. m\ could be com- 
plex but its phase can be eliminated by the redefinition of the fields when A 5 = A 6 = A 7 = 0. 
We adopt the convention in which this m| is real and positive. 
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Let us parameterize the VEVs of the Higgs doublets as 
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The effective potential at the one-loop level is 

V eS = V + Vi( Pi ,9) + V 1 ( Pi ,9;T), 
where Vi(pi,6) is the zero-temperature correction given by 



V 1 { Pi ,6) = Y. 
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and Vi(pi,9;T) is the finite temperature correction; 
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Here we used the DR-scheme to renormalize V e g with the renormalization scale M ren . rij counts 
the degrees of freedom of each species including its statistics, that is, rij > (rij < 0) for bosons 
(fermions). rrij, which is a function of the Higgs background (pi,9), is the mass eigenvalue of 
each species. 

At the one-loop level, {m 2 ) eS receives corrections only from the Higgs bosons, squarks, 
sleptons, and charginos and neutralinos. Xs^j, which are zero at the tree level, are generated 
only through the loops of these particles. Among them, we consider the contributions of 
charginos(x ± ), neutralinos(x°), stops(t) and Higgs(0 ± ). The effective parameters are defined 
as the derivatives of V e s at the origin of the order-parameter space: 
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Here we show only the expressions of the contributions from the charginos, neutralinos and 
stops, since that from the charged Higgs is much smaller than the others for our choice of the 



parameters in the next section. As for the derivation, see [11 



When the gaugino mass parameters satisfy M 2 = Mi, the contributions from the charginos 
have the same factors as those from the neutralinos. Then 
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where functions f^(a,b), L(mi,m 2 ), i^(a) and if (a) are defined in [11]. For the condition 
F > 0, it is essential to have a positive A5. The dominant positive contribution comes from 
( |3.13|) , so that fi 2 ~ M 2 is required since K(a) is maximum at a = 1. 

The stop contributions are divided into two parts, one of which comes from the light stop, 
whose supersymmetry-breaking mass parameters are small, while the other originates from the 
heavier mass eigenstates. 
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where N c = 3 and M/\r is the infrared cutoff parameter, which will be taken to be the order of 
the transition temperature. Is (a 2 ) is defined in JTTI . 
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Table 1: The parameters used in the numerical analysis in the case of pA t > 0. 
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Figure 1: (mf) eS and A 5 as functions of temperature T. The total values are given by the solid 
curves, the corrections from the stop, chargino-neutralino are depicted by the dashed, dotted 
and dotted-dashed curves, respectively 

4 Numerical Results 

We examine whether the conditions G(pi, P2) < 1 and \G(px,p 2 )\ < 1 are satisfied or not by 
evaluating the effective parameters included in F and G. We take v = 246GeV, m t = 177GeV, 
M ren = GeV and tan/5 = 5. The mass parameters in the Higgs potential is given by the 
relations which determine the tree-level minimum of the potential: 

ml = mg tan/^o — -m| cos(2/5 ), 

m 2 = "7,3 cot /3o + -m|cos(2/3 ). (4.1) 

(A) pA t > 

In this case, we take, as the remaining parameters, the values in Table ||. The behaviors of the 
effective parameters are shown in the Figs. [I] and £| 

The behaviors of the effective parameters are shown in the Figs. |l] and 0. In this case, we have 

B 2 /T = 1.532346 x 10~ 5 , CJT = -4.846485 x 10~ 3 , (4.2) 

so that F(pi,p 2 ) > is satisfied for p 2 > 5.104 at T = lOOGeV. The region in which 
\G(pi, p 2 )\ < 1 is satisfied are depicted in Figs. ^| and |3|. 
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Figure 2: A6 and A7 as functions of temperature. 
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Figure 3: Contour plots of \G(pi, p 2 )\ at T = 80 and 90. \G(pi,p 2 )\ is satisfied in the black 
region. 
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Figure 4: The same as Fig. 13 at T = 100 and 110. 
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Table 2: The parameters used in the numerical analysis in the case of \xA t < 0. 
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Figure 5: (m|) eff and A 5 as functions of temperature. The total values are given by the solid 
curves, the corrections from the stop and chargino-neutralino are depicted by the dashed and 
dotted curves, respectively. 
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Figure 6: A 6 and A 7 as functions of temperature. 
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Figure 7: Contour plots of \G{p\, p 2 )\ at T = 60 and 70. |G(pi,p2)| is satisfied in the black 
region. 
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Figure 8: The same as Fig. |7] at T = 80 and 90. 

(B) pA t < 

The input parameters are given in Table |2|. The temperature-dependences of the effective 
parameters are shown in Figs. |5] and ^. For this parameter set, we have 

B 2 /T = 1.657862 x 10" 5 , C x /T = 3.470457 x 10" 3 , (4.3) 

which implies F(pi,p 2 ) > for p 2 > 8.463 at T = 100. The region in which |G(pi,p2)| < 1 
is satisfied are depicted in Figs. and [|. Note that both A6 and A7 are negative, while C\ is 
negative for the case (A) and positive for (B). This makes the p-dependence of G(pi, P2) in 
the case (B) weaker than in the case (A). Hence The condition |G(p 1 ,p 2 )| < 1 is satisfied in 
broader region for the case (B). 

5 Discussions 

The two conditions for the transitional CP violation is satisfied at T ~ Tc, if (i) |p| — | A4" 2 , 1 1 
for A X A 5 > 0, (ii) pM 2 < and m\ to decrease ijn\) eE by the ^-contributions and (iii) ml is 
tuned at the tree-level for (mf) eS to become as small as \§jp 2 . This mechanism of CP violation 
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is attractive, since it will be free from the constraints on CP violation at T = 0, it can generate 
sufficient BAU and it is not bothered by the light-scalar problem. Note that for the parameters 
that admit the transitional CP violation, CP is not spontaneously broken at T = 0. 

It should be noted that the spontaneously-CP-breaking minimum does not have to be the 
global minimum of V e g. The transitional CP violation could take place if the conditions are 
satisfied for some fixed (pi,p2), since such a bubble wall with transitional CP violation would 
have a lower energy than that without CP violation. For another reason, however, we should 
understand the global structure of the effective potential, which determines Tc, to know whether 
the transitional CP violation occurs or not. In this sense, the conditions we examined here 
should be regarded as the necessary conditions but not the sufficient ones. With the knowledge 
of the global structure of one could find the CP- violating profile of the bubble wall so that 
one could estimate the generated baryon number. 
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